Pesticide use is one of the main causes of pollinator declines in agricultural ecosystems. Traditionally, most laboratory studies on bee ecotoxicology test acute exposure to single compounds. However, under field conditions, bees are often chronically exposed to a variety of chemicals, with potential synergistic effects. We studied the effects of field-realistic concentrations of three pesticides measured in pollen and nectar of commercial melon fields on the solitary bee Osmia bicornis L. We orally exposed females of this species throughout their life span to 8 treatments combining two neonicotinoid insecticides (acetamiprid, imidacloprid) and a triazole fungicide (myclobutanil) via pollen and sugar syrup. We measured pollen and syrup consumption, longevity, ovary maturation and thermogenesis. Pesticide intake was three orders of magnitude higher via syrup than pollen. At the tested concentrations, no synergistic effects emerged, and we found no effects on longevity and ovary maturation. However, all treatments containing imidacloprid resulted in suppressed syrup consumption and drastic decreases in thoracic temperature and bee activity. Our results have important implications for pesticide regulation. If we had measured only lethal effects we would have wrongly concluded that the pesticide combinations containing imidacloprid were safe to O. bicornis. The incorporation of tests specifically intended to detect sublethal effects in bee risk assessment schemes should be an urgent priority. In this way, the effects of pesticide exposure on the dynamics of bee populations in agroecosystems will be better assessed.
Results
Survival and longevity. Chronic exposure to the three pesticides and their mixtures at field-realistic concentrations had no effect on survival and longevity of Osmia females. Cumulative survival curves did not differ significantly among treatments (Log Rank test: F = 6.53, df = 7, p = 0.42, Fig. 1 ). Longevity (overall mean = 16.32 ± 0.86 days) did not significantly differ among treatments (GLM: F = 1.22, df = 7, p = 0.30), and was not influenced by body size (GLM: F = 0.03, df = 1, p = 0.89). There were no differences among treatments in body size (ANOVA: F = 0.746; df = 7; p = 0.63, Table 2 ). Syrup and pollen consumption. In all treatments containing imidacloprid (I, A + I, I + M, A + I + M), bees consumed approximately 80% less syrup per day than in the rest of the treatments including the control (GLM: F = 38.16, df = 7, p < 0.001; Fig. 2a ). The effect of imidacloprid on syrup consumption began on day 2 (Fig. 2b) ; differences among treatments were not significant on day 1; (GLM: F = 0.52, df = 7, p = 0.82). Body size affected syrup consumption (GLM: F = 4.22, df = 1, p = 0.04), with larger bees tending to consume more syrup in all the treatments except M and A + I.
Daily pollen consumption ranged between 1 and 4 mg per bee during the first week of exposure, and then abruptly decreased in all treatments (Fig. 3b ). We found significant differences between these two periods (GLMM: F = 137.97, df = 1, p < 0.001) and among treatments (GLMM: F = 3.62, df = 7, p = 0.002), as well as a significant interaction between period and treatment (GLMM: F = 3.41, df = 7, p = 0.002) ( Fig. 3a) . During period 1, only bees of treatment M consumed significantly less pollen than control bees whereas, in period 2, pollen consumption was significantly low in all treatments compared to the control (Fig. 3a ). Body size had no effect on pollen consumption (GLMM: F = 0.30, df = 1, p = 0.59).
The total amounts of pesticide ingested via syrup and pollen by bees of each treatment throughout the entire exposure are reported in Table 2 . In all cases, exposure via syrup was three orders of magnitude higher than exposure via pollen.
Thoracic temperature. Thoracic temperature significantly differed among treatments (Kruskal-Wallis: Fig. 4 ). The lowest temperatures were registered in bees of the four treatments containing imidacloprid (I) although only treatments I and A + I + M differed significantly from the control (Fig. 4 ). Low temperatures were accompanied by clear signs of apathy in bees of these four treatments (see Supplementary Video S1). These signs were not observed in any of the other treatments. Ovary maturation. No significant differences were found in mean basal oocyte length among treatments (GLM: F = 1.45, df = 7, p = 0.20). Oocyte length was positively related to body size in all treatments (GLM: F = 24.7, df = 1, p < 0.00).
Discussion
Bees in agroecosystems are chronically exposed to combinations of pesticides 10, 11 . However, the effects of this exposure scenario are not well understood because most laboratory studies test acute exposure to single products at concentrations that often are not field-realistic 44 . In addition, most studies addressing oral exposure only consider the nectar route, overlooking pesticide ingestion via pollen consumption. We tested chronic exposure to pollen and syrup contaminated with field-measured concentrations of pesticide combinations found in pollen and/or nectar in commercial melon plots. To our knowledge, this is the first time pesticide exposure via pollen is tested in adult solitary bees. Two previous studies have exposed Osmia larvae to neonicotinoids via pollen 45, 46 . At field-realistic doses, these studies did not find any effects on larval survival or adult performance. With the exception of myclobutanil, which was not detected in pollen, pesticide concentrations (ppb) were one or two orders of magnitude higher in pollen than in nectar of melon flowers. Other studies measuring pesticide levels from pollen and nectar have found similar results [13] [14] [15] 18 . However, because solitary bee adults consume much greater amounts of nectar than pollen (ca. 93% of total food weight consumed by bees in our study was via www.nature.com/scientificreports www.nature.com/scientificreports/ syrup), the amount of active ingredient ingested per bee in our study was about three orders of magnitude higher via syrup than pollen. This is important because some laboratory studies expose bees via syrup to pesticide concentrations found in pollen 29, 47 , thus exposing bees to doses presumably higher than those encountered by bees under field conditions. Contrary to other studies testing mixtures of neonicotinoid insecticides and triazole fungicides on O. bicornis 22, 27 and other bee species 26, 27, 42, 43 we did not find synergistic effects between these two classes of pesticides. This discrepancy may be due to the identity of the compounds involved. In general, cyano-substituted neonicotinoids (including acetamiprid and thiacloprid) show higher synergism than nitro-substituted neonicotinoids (including imidacloprid, clothianidin and thiamethoxam) 26, 43 . However, even within these two subgroups of neonicotinoids differences among compounds have been found. In agreement with our results, Thompson et al. 42 did not observe synergism between triazole fungicides and imidacloprid but they found synergism between these fungicides and two other nitro-substituted neonicotinoids (clothianidin and thiamethoxam) in honeybees. Differences between our results and those of other studies can also be explained by differences in the route of exposure. Iwasa et al. 26 and Biddinger et al. 43 found synergism between triazole fungicides and acetamiprid applied topically, as opposed to orally in our study. Finally, differences between our results and those of other studies may also be explained by differences in the concentrations to which bees were exposed. Synergism between triazole fungicides and neonicotinoids has been shown to be concentration-dependent 42 . In our study, the dose of myclobutanil consumed by O. bicornis throughout their lifespan in treatment A + M was 2.91 ng bee −1 . This dose is 8-153 times lower than the triazole fungicide doses tested in Thompson et al. 42 (propiconazole: 22.4 ng bee −1 ; tebuconazole: 447 ng bee −1 ). In treatments containing imidacloprid (I + M and A + I + M), due to the inhibitory effect of this compound on syrup feeding, the levels of myclobutanil ingested by bees were even lower. Overall, the doses of myclobutanil ingested by O. bicornis in our study are ca. 1000 times lower than the lethal doses estimated by Han et al. 48 in Apis cerana F. (acute oral toxicity: LD 50 = 2,154 ng bee −1 and LD 5 = 1,085 ng bee −1 ). www.nature.com/scientificreports www.nature.com/scientificreports/ Following emergence, Osmia females undergo a short period (2-5 days) prior to initiating nesting activities 49, 50 . During this period, females consume pollen 30 and complete ovary maturation 49, 51, 52 . The high levels of pollen consumption recorded during the first seven days of exposure in our study are congruent with the results of Cane 30 . During this phase (period 1), treatment M showed significantly lower pollen consumption than control bees. On first sight, the M result may seem surprising because pollen in this treatment was not contaminated (no myclobutanil residues were found in the pollen of melon flowers) ( Table 1 ). However, this treatment resulted in the highest ingestion of myclobutanil via syrup ( Table 2 ). We also found differences in pollen consumption during the second week following exposure. In this case, all treatments yielded significantly lower feeding levels than the control. Nevertheless, the differences found in pollen consumption among treatments did not result in differences in ovary maturation, which did not vary across treatments. This in contrast to a previous study that found a lower ovary maturation in Osmia females co-exposed to clothianidin and propiconazole 22 . Again, this discrepancy may be explained by the different compounds, as well as by the concentrations tested. Because they were interested in exposure right after fungicide application to a flowering crop, Sgolastra et al. 53 tested propiconazole at the field application rate (62.5 mg L −1 ). By contrast, we tested myclobutanil at the concentration found in the nectar of . Under field conditions, pesticides degrade over time and this process has not been considered in our laboratory study. At any rate, toxic effects are expected to be greater right after application and therefore the concentrations used in our study do not represent the worst case scenario for bees. Studies evaluating pesticide degradation under field conditions are needed to better understand the extent of chronic exposure of bees to pesticides in agricultural landscapes.
Imidacloprid had a clear inhibitory effect on syrup consumption. On the other hand, we did not detect any changes in pollen consumption, possibly due to overall low amounts of pollen ingested in all treatments. Osmia bicornis females ingested approximately 80% less syrup in all treatments containing imidacloprid compared to the other treatments, including the control. As a result, the dose of imidacloprid (alone and in mixtures) ingested by O. bicornis females throughout their life-span was ca. 1.5 ng. This amount is 10-20 times lower than the acute oral LD 50 reported in honey bees (13 ng bee −1 54 ) and bumblebees (27 ng bee −1 54 ). For the same reason, the amounts of acetamiprid and/or myclobutanil ingested by bees in A + I, I + M and A + I + M were also reduced by 80% when compared to treatments containing acetamiprid and myclobutanil but not imidacloprid ( Table 2 ). Feeding suppression following exposure to this neonicotinoid has also been reported in A. mellifera 29 and Bombus terrestris L. 47, 55, 56 . Because bees cannot taste neonicotinoids 57 , feeding suppression is likely to be due to the toxicity of the neonicotinoid rather than repellence. Kessler et al. 57 found that honey bees and bumblebees preferred syrup containing imidacloprid to control solutions, even though ingestion of this compound caused them to eat less syrup overall. We found feeding suppression in O. bicornis exposed to imidacloprid at doses as low as 1.27-1.64 ng bee −1 . In agreement with our results, the anti-feeding response caused by imidacloprid ingestion has been shown to be greater under chronic exposure 55, 56 .
Feeding suppression in imidacloprid-exposed O. bicornis was accompanied by decreased thoracic temperature and apathy. These symptoms could be caused by a general lack of energy due to low feeding levels. However, there is accumulating evidence that imidacloprid directly affects muscular activity. A transcriptome study showed significant down-regulation of twenty-two genes related to muscle function in imidacloprid (10 ppb) treated bees 58 . Thoracic muscles (the largest in a bee body) are involved in thermoregulation and flight. Other studies document disrupted thermogenic capacity in honey bees 59 and bumblebees 60 following exposure to imidacloprid and thiamethoxam. These studies show that ingestion of small doses of neonicotinoids results in an initial short-term stimulation followed by decreased thoracic temperature the day after exposure 59 . Other studies have shown that acute exposure to field-realistic doses of neonicotinoids causes excitation (hyperactivity), whereas chronic exposure causes depression (hypoactivity) and impairs flight ability [61] [62] [63] [64] . In agreement with our results, Crall et al. 65 show that workers orally exposed to 6 ppb of imidacloprid were less active compared to control workers. Studies in bumblebees at the colony level have demonstrated that exposure to imidacloprid impairs colony thermoregulation and alters nursing behaviour and social and spatial dynamics 65 and decrease pollen intake 25, 66 .
Our results show clear differences between the two neonicotinoids tested. Acetamiprid yielded no negative effects, even though the amounts of this compound ingested in treatments A and A + M were twice as high as amounts of imidacloprid ingested in any of the treatments containing imidacloprid. Other studies have found acetamiprid to be less toxic to bees than imidacloprid 26 . These findings are particularly relevant in the context of the Integrated Pest and Pollinator Management (IPPM) 67 , which aims to include pollinator health into the Integrated Pest Management (IPM) paradigm. Whenever effective non-chemical alternatives are not available, IPPM advocates for the use of pesticides that are less toxic to bees and other beneficial insects. IPPM relies on information on lethal and sublethal toxicity of commonly applied pesticides to wild and managed bees. www.nature.com/scientificreports www.nature.com/scientificreports/ Our results also have important consequences for bee risk assessment. Current bee risk assessment schemes rely on estimates of LD 50 (dose at which half of the population dies) at 48 h following exposure. None of the compounds or mixtures tested in our study resulted in increased mortality. Therefore, if we had considered only lethal effects, we would have wrongly concluded that, at field-realistic doses, all compounds and mixtures tested were safe to bees. Yet, some of our treatments profoundly impaired thermoregulation and bee activity. It is important to note that this effect was not restricted to the immediate post-exposure period, since thoracic temperature was measured on the 17 th day of exposure. Although, the ecological consequences of this effect should be confirmed in field conditions, we conclude that incorporating tests specifically intended to detect sublethal effects into risk assessment schemes is essential to evaluate the impact of pesticide exposure on the dynamics of bee populations in agroecosystems.
Methods
Bee population and test conditions. All tests were conducted with newly-emerged females of O. bicornis L., a cavity-nesting solitary bee. This species has not been recorded visiting melon flowers but we decided to work with this species for various reasons. First, it can be easily reared under controlled conditions; second, it has been proposed by the European Food Safety Authority as a test species for risk assessment 68 ; third, a fair amount of information is available on Osmia ecotoxicology 22, 27, 43, 46, [69] [70] [71] [72] [73] and the available evidence indicates a higher vulnerability to pesticides than in honey bees and bumblebees 20, 21, 27 .
Osmia bicornis cocoons from a population reared in a pesticide-free area of the Kazimierz Landscape Park (Poland) were shipped to the laboratory of Agricultural Entomology at the University of Bologna (Italy) in January 2018 and kept at 3-4 °C until May 2018. At that time, large cocoons (presumed to contain females) were incubated at 22-23 °C until emergence. A previous study showed that emergence time influences sensitivity to pesticides in O. bicornis (females taking longer to emerge are more sensitive 53 ). For this reason, we only used bees that emerged over two consecutive days during the peak of the emergence period (days 4-5). Upon emergence (<24 h) bees were transferred to a Plexiglas holding cage (50 × 50 × 50 cm) for ca. 4 hours to allow them to deposit the meconium. Then, bees were individually caged in plastic ice cream cups (diameter: 5.5-8 cm; height: 7 cm) with transparent lids perforated with a pin to allow air exchange. Each cup contained a syrup feeder and a pollen feeder. The syrup feeder was a 1-ml calibrated syringe (Tuberculin Beroject ® III, Beromed; accuracy: 0.01 ml) inserted through the lid. A petal of Euryops (Asteraceae) was attached to the tip of the syringe to enhance location of the feeder by the bee (Fig. 5 ). The pollen feeder was a 1.5-ml Eppendorf tube inserted through the side of the cage with the upper half of the bottom cut off (Fig. 5 ). Bees were maintained at 23.6 ± 0.3 °C and 50-60% relative humidity. Cups were kept under natural light conditions throughout the experiment but direct sunlight exposure was avoided to reduce pesticide degradation 74 . Treatments. Previous analysis of the pollen and nectar of melon flowers from 5 commercial fields southeast of Madrid, Spain, yielded 19 pesticides (acetamiprid, imidacloprid, oxamyl, metalaxil-m, chlorpyrifos, abamectin, azoxystrobin, myclobutanil, boscalid, flonicamid, atrazina, quinomethionato, clorantraniliprol, difenoconazole, kresoxim-methyl, chlorothalonil, thiacloprid, alfa-cypermethrin, quinoxyfen). Because it was not feasible to test so many compounds, we decided to work with three of them: the triazole fungicide, myclobutanil, and two neonicotinoid insecticides, imidacloprid and acetamiprid (Table 1 ). These three compounds were selected because: (1) they are the pesticides most commonly applied to melon fields in the study area; (2) their occurrence in the www.nature.com/scientificreports www.nature.com/scientificreports/ pollen/nectar samples was very high; (3) the two neonicotinoids have different detoxification pathways and differ in their toxicity to bees 75 ; and (4) several studies have found synergistic effects between mixtures of neonicotinoid insecticides and triazole fungicides 22, 26, 27, 42, 43 .
We exposed bees to the mean active ingredient concentrations found in the nectar and pollen of melon flowers in commercial fields (Table 1) . Females emerging on any given day were evenly distributed among eight treatments: control (CON), acetamiprid (A), imidacloprid (I), myclobutanil (M) and the mixtures A + I, A + M, I + M, A + I + M. Each treatment group received the specific food for the entire test period, i.e. until the natural death of the bees.
The syrup was prepared by diluting sucrose in water (33% w/w). Honey bee pollen pellets were obtained from an organic beekeeper (Bona Mel ® ) and stored at 3-4 °C until use. Pellets were then ground with a coffee grinder and mixed with distilled water (pollen/water 3:1 w/w) to obtain a single uniform pollen source. Although honeybee-collected pollen could be a potential source of pathogens 76, 77 , we did not irradiate the pollen pellets 78 . Nonetheless, we are confident that this did not affect our results because mean longevity of control bees in our study (19 days) was similar to mean longevity recorded in previous O. bicornis laboratory studies (17 days) in which bees were only fed syrup 22 . This longevity is also similar to mean life span of adult Osmia females nesting in field and semi-flied conditions (17.5-24 days) 49, 50, 79 .
Stock solutions of each pesticide were prepared by diluting 500 mg of Epik ® (acetamiprid, 20% w/w), 100 µl of Confidor ® (imidacloprid, 20% w/v) and 100 µl of Systhane Forte ® (myclobutanil, 24% w/v) in 50 ml of purified distilled water. These solutions were diluted in the syrup or in the distilled water used for the pollen preparation to reach the desired concentrations identified in the pollen and/or nectar of the melon flowers (Table 1 ).
Syrup consumption, pollen consumption and longevity.
Cups were inspected daily to monitor syrup consumption (assessed by checking the level of syrup in the calibrated syringe) and bee mortality. Pollen consumption was assessed once a week and whenever a bee died. For each cup, we weighed the pollen remaining in the Eppendorf tube along with any pollen crumbs scattered over the bottom of the holding cage with an analytical scale (accuracy = 0.0001 g). Average daily pollen consumption was estimated by dividing pollen consumption by the number of days elapsed between measurements. Eight additional containers with syrup and pollen feeders but without bees were used as controls to measure and account for potential evaporation from the syrup and pollen sources. Five additional five cages without bees were used to measure the evaporation of the pollen crumbs scattered over the bottom of the holding cage. Syrup was renewed every 3-4 days and pollen once a week.
Bees that had not begun feeding by the fourth day of exposure were discarded. Sample sizes in each treatment are shown in Table 2 . At the end of the experiment, we measured the head width of each bee under a stereomicroscope at 240x as a proxy of body size 80 .
Thoracic temperature. Some bees showed clear signs of apathy (see Supplementary Video recordings S1).
For this reason, we decided to measure thoracic temperature as a proxy of muscular activity. Thermogenesis in bees is mainly achieved by shivering of the flight muscles 81 . We used a compact thermal imaging camera FLIR e60bx (320 × 240 pixels; range: −20 °C to 120 °C; sensitivity: <0.045 °C at 30 °C) to take thermal photographs of the bees in their cages in a dark room at 24.6 °C. These measures were taken on the 17 th day of exposure in 6 bees per treatment.
Ovary maturation. Upon emergence from the cocoon, Osmia females take about 3 days to fully mature their ovaries 49, 51, 52 . On day 3 of the exposure phase, we took 14 bees per treatment and froze them at −24 °C. These bees were later dissected in Ringer's physiological solution (NaCl 9 g, KCl 0.2 g, NaHCO 3 0.2 g, CaCl 2 0.2 g in 1 litre of distilled water), and the length of the most mature oocyte in each of the 6 ovarioles was measured under a stereo microscope at 500x (precision, ±0.01 mm). We use the mean length of these 6 oocytes as a measure of ovary maturation. At the end of the experiment, the head width of each bee was measured as described above.
Statistical analysis.
We used Gehan-Breslow Kaplan-Meier (K-M) survival analysis with pairwise multi comparison procedures (Log-Rank Test, p < 0.05) to compare survival curves among treatments. We used general linear models (GLM) to analyze the effect of treatment on longevity (square-root transformed), mean daily syrup consumption and ovary maturation (log-transformed). Body size was included as covariate in all these models and pairwise comparisons were conducted with the Fisher´s LSD test (p < 0.05). Pollen consumption followed a clear two-phase temporal pattern (see results). For this reason, to analyse the effect of treatment on mean daily pollen consumption (log-transformed), we used a general linear mixed model (GLMM) with treatment (fixed factor), period (fixed factor repeated within subjects), their interaction, and body size as a covariate. Means were separated using Fisher's LSD test (p < 0.05). Thoracic temperature data were not normally distributed and could not be appropriately transformed. For this reason, we used non-parametric Kruskal-Wallis followed by Dunn's multiple pairwise comparisons (p < 0.05) to establish differences in thoracic temperature among treatments.
Data Availability
Data is available upon request to the main author.
